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Abstract
This paper reports on the design, optimization and testing of a self-regulating valve for
single-phase liquid cooling of microelectronics. Its purpose is to maintain the integrated
circuit (IC) at constant temperature and to reduce power consumption by diminishing flow
generated by the pump as a function of the cooling requirements. It uses a thermopneumatic
actuation principle that combines the advantages of zero power consumption and small size in
combination with a high flow rate and low manufacturing costs. The valve actuation is
provided by the thermal expansion of a liquid (actuation fluid) which, at the same time,
actuates the valve and provides feed-back sensing. A maximum flow rate of 38 kg h−1 passes
through the valve for a heat load up to 500 W. The valve is able to reduce the pumping power
by up to 60% and it has the capability to maintain the IC at a more uniform temperature.
(Some figures in this article are in colour only in the electronic version)
1. Introduction
During operation, integrated circuits (ICs) produce excess
heat, which must be dissipated or absorbed by cooling
devices to avoid overheating. Thermal fluctuation is one of
the main issues for electronic lifetime [1–3] and, therefore,
improved chip cooling results in both increased performance
and enhanced reliability of the IC. Cycles of alternating
temperatures lead to repeated changes in dimension of
electronic components which then lead to the shortening of
their lifetime. However, most electronics cooling solutions
[4, 5] consume power. In many cases this energy consumption
is not optimized, being wasted on excess cooling [6].
In this work, we present a thermopneumatic valve that
targets these issues. It is designed to both decrease temperature
fluctuations and reduce the cooling power consumption. This
is achieved by actively controlling the flow delivered by the
pump as a function of the cooling requirements.
In the design of our system, a thermo-fluidic model is used
as a first-order tool for global system simulation, including
variables such as pressure drop, mass flow, temperature,
coolant properties and basic geometrical properties. The
model is based on analytical calculations, using design
methodologies for efficient heat transfer in microsystems,
described in detail in a former publication [7]. The model
is implemented in Matlab and used to justify usage of valves
in single-phase flow systems, and to investigate the effect of
flow control on the cooling performance for multiple chip/heat
sink pairs. The developed system is designed to meet typical
cooling requirements of an IC 1 cm2 in size, by absorbing
up to 500 W cm−2 at a temperature difference of 35–40 ◦C.
The temperature difference is defined between the maximum
junction temperature (at the end of the channels) and the
inlet temperature of the coolant. To achieve these high
performances, conventional air-cooling is not sufficient and
therefore liquid cooling is used. Water is selected as coolant
because of its excellent heat capacity. During the passage
through the heat sink, the coolant remains in the liquid phase,
hence the name ‘single-phase cooling’. This is in contrast
to systems where the coolant is allowed to evaporate in the
heat sink to form a two-phase mixture of liquid and vapour
(two-phase cooling).
The flow control is performed by valves in each branch
of the circuit, as shown in figure 1. The primary effect of the
operation of valves is the reduction of mass flow in a certain
branch when the IC in that branch is not working at full load.
In this way, we hope to reduce the thermal fluctuations of the
IC together with the mass flow and thereby the power required
to pump the coolant through the circuit.
In figure 2, the pumping power can be seen with (dashed
line) and without (continuous line) control valves as a function
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Figure 1. Schematic of the cooling system using valves in each
branch of the circuit.
Figure 2. Simulated pumping power versus heat load without
(dashed line) and with (continuous line) valve control action.
of heat load, as was determined by the thermo-fluidic model.
The simulation was performed for the case of 10 ICs, 5 of
them operating at full load and the other 5 operating at partial
load from 0 to 100%. As can be seen, the power saving that
can be obtained makes the research towards microvalves for
single-phase flow valuable.
The literature offers a wide selection of microvalves
with numerous actuation mechanisms [8]. To select the best
actuation principle for the given requirements several actuation
principles were considered including electromagnetic [9],
electrostatic, piezoelectric [10] and shape memory alloy [11–
15] actuation. Control fluids like magneto/electrorheologic
[16], ferrofluids [17, 18] and hydrogels [19, 20] were also
considered. Hydraulic and pneumatic actuators deliver among
the highest force and power densities at microscale [21]. In
comparison with other actuation principles, pneumatic and
hydraulic systems offer clear advantages in applications that
require low-cost, compliant or high-force actuators [21]. Table
1 summarizes the main characteristics of the above actuators
for application in chip cooling valves.
Here thermopneumatic actuation was selected because
it offers the ability to capture the thermal waste energy of
the IC, converting it to mechanical actuation. It is based on
Figure 3. Assembled thermopneumatic valve.
Figure 4. Thermopneumatic valve mechanism.
thermal expansion of a medium by the heat absorbed from
the IC. This leads to a valve that consumes no external power
and requires no control or electronics, greatly reducing the
complexity and the costs. The resulting prototype is shown
in figures 3 and 5.
The next section describes the design and operating
principle of the valve, with more details provided on the
design and assembly of the different valve components.
Section 3 describes the fabrication technology, with emphasis
on the dimensioning and functionality of each component
as well as the fabrication techniques. Section 4 describes
the measurement setup, while section 5 covers the actual
measurements and the respective interpretations. Results
are presented for beam actuation, pressure drop influence
on beam position, valve flow rate regulation as function of
temperature, valve response time, valve influence on heater
(IC) temperature, pumping power savings and pressure drop
across the valve.
2. Design and operating principle
The design of the valve is based on the following concepts and
ideas:
(1) To make it suitable for portable devices, the valve features
a very compact planar design [22].
(2) To reduce the actuation force, the knife-gate principle
is adopted [23]: the flow is obstructed by a thin blade,
moving perpendicularly to the flow direction, such that
the pressure difference across the valve has a minimal
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Table 1. Characteristics of various actuator types for application in chip cooling valves.
Characteristics Response
actuation type Price Power time Stroke
Electrostatic Low Low Fast Very low
Electromagnetic High High Fast High
Piezoelectric membrane Low Low Fast Low
Piezostack Very high Low Fast Very low
Bimetallic Low None (passive) High (active) Slow High
Thermo-pneumatic Low None (passive) High (active) Slow High
SMA actuation Low None (passive) High (active) Slow Low (wire) High (spring)
Figure 5. Section view of the thermopneumatic valve.
effect on the actuation force. This principle provides high
flow capacity and minimum pressure drop across the valve
in the open state.
(3) The response of the valve to the IC temperature is provided
by the thermal expansion of a liquid that is heated by
the IC. This results in a passive valve which requires no
control or external power supply.
Silicone oil is chosen as expansion fluid because it
possesses one of the highest expansion coefficients among
the non-toxic, inflammable liquids. The silicone oil used
(Dow Corning 200 fluid 500 CS) has a volumetric expansion
coefficient of 0.96 × 10−3 K−1 at 20 ◦C, which is 4.7 times
higher than the expansion of water and 28% higher than the
expansion of ethanol.
2.1. Valve operating principle
A schematic representation of the valve mechanism is shown
in figure 4. A heat sink is placed over an IC to remove the heat.
During operation, the heat generated by the IC is transmitted
by the cooling liquid to a down-stream reservoir filled with
silicone oil. The latter expands thermally upon increasing
temperature and drives the beam of the knife gate valve
upwards. This opens the cooling channels which increase
the water flow reducing the IC temperature. In other words,
this approach provides a temperature feedback system where
no temperature sensor or controllers are needed since these are
inherently embedded in the system. This results in a passive,
cost effective and robust cooling system.
2.2. Detailed valve design
Figure 5 depicts a cross-sectional view of the actual valve
design. The heat generated by the IC (1) is transmitted to the
silicone oil in the reservoir (2). The silicone oil expands into a
silicone tube (3) through a connection channel (4). When the
silicone tube is pressing against the beam (5), which is fixed on
the frame by screws (6), the beam moves upwards and allows
the cooling fluid to enter the heat sink (7) at an increased
rate. The heated fluid is leaving the system through the outlet
(8) while cold fluid is getting in through the inlet (9). The
temperature range in which the valve is sensitive is adjusted
by calibre plates (10) of different thicknesses that are inserted
in the reservoir replacing a specific quantity of silicone oil.
The reservoir is filled through orifice (11). Orifice (12) is used
as a port for a temperature or pressure sensor, and orifice (13)
to remove the air trapped in the beam enclosure. A silicone
membrane (15) provides sealing between the main valve body
(14) and the transparent cover (16).
The active parts of the valve consist of the actuating tube
(3) and a cantilever-beam that opens and closes the knife-gate
valve (5). To amplify the stroke, the tube is placed halfway
the beam. The valve controls the cooling fluid at the entrance
of the channels for better hydrodynamic stability.
2.3. Beam geometry optimization
The cross-section of the beam (figure 6) is carefully chosen
to maximize the deflection range. An important issue is
that the flow pressure difference, displayed by the force
F0, acting perpendicularly on the frontal surface of the
beam gate (segment A-B) is creating a moment M0 acting
against the moment M developed by the tube, that bends the
beam downwards, thus against the normal actuation direction.
Therefore, a thicker section was selected for the front part of
the beam (A-B-C) to minimize the downward bending effect
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Figure 6. Cross-section of the designed beam.
of the flow pressure, while a thinner section was chosen close
to the fixation area (segment C-D) to increase the upward
flexing of the beam when intentionally actuated by the tube
(force F). The optimization had as fixed constraints the length
of the beam segments A-B and B-D and the location of
point C. The variables to be optimized were the thickness
of these segments as well as the radius of the beam suspension
in point D. The analysis of the different beam geometries
was performed by means of finite element models (FEMs).
The scenarios were selected manually, thus not by a specific
optimization algorithm. The best design was defined as the one
having the smallest influence of the flow pressure on the beam,
resulting in a deflection of 109 μm, or 22% of the net actuation
(500 μm). The resulting optimum dimensions are displayed
in figure 6.
According to the FEM calculations, a Von-Mises stress
of 401 MPa is obtained for a displacement of 900 μm at the
gate tip from which 400 μm is used to pre-stress the tube and
500 μm for actuation. The tube force required to reach the full
stroke of 500 μm is 1.84 N. If at the same time the maximum
flow pressure difference of 0.5 bar is applied, the required tube
force rises to 2.07 N. The maximum Von-Mises stress in the
beam rises to 418 MPa, compared to the 503 MPa yield stress
of the beam material (Al7075).
2.4. Thermopneumatic reservoir
To obtain maximal sensitivity to temperature change, the
reservoir is placed over the heat sink at the end of the channels,
as close as possible to the IC. This way the heat is directly
transported from the heat sink to the reservoir which controls
the valve. The wall thickness between the reservoir and the
heat sink must be as small as possible to improve heat transfer.
This thickness is 0.5 mm.
The volume of silicone oil required for actuation was
calculated as a function of the volumetric change of the tube,
since it goes from a flattened to a round shape when actuating
the beam. Also, the thermal expansion and the inflation of the
tube with increasing internal pressure are taken into account.
The required reservoir volume V to lift the beam as a function
of the temperature difference T is listed in table 2. Here,
this volume was adapted by inserting calibre volumes in the
reservoir. In an industrial design, the volume is adapted to the
work load of a specific IC.
Table 2. Required reservoir volume as a function of temperature
difference.
Temperature
difference (◦C) Volume (mm3)
10 350
20 175
30 117
40 88
50 71
60 59
2.5. Heat sink channel aspect ratio optimization
The heat sink geometry is optimized towards minimal thermal
resistance, within the limitations of the manufacturing tools
available on the market. First, the frictional pressure drop
pf is calculated to obtain the relation between pressure
drop and mass flow rate in a microchannel heat sink with
rectangular channels. According to Stevens [7], this relation
is given by equation (1), where m˙ is the mass flow rate, μ the
dynamic viscosity of the coolant, L the length of the channels,
Po the Poiseuille number, ρ the mass density of the coolant,
n the number of channels in the heat sink and D the hydraulic
diameter of the channels:
pf = μLPo2ρnD4 · m˙. (1)
The total thermal resistance Rtot is the sum of the caloric
Rcal and the convective resistance Rconv. It is defined as the
ratio of the maximal temperature difference to the total heat
dissipation:
Rtot = Rcal + Rconv = Tw,max − Tf ,in
Q
, (2)
where Tw,max is the maximum temperature on the heat sink
walls, Tf ,in is the coolant temperature at the inlet and Q is the
total heat load taken by the heat sink.
Figure 7 shows the analytical result for the thermal
resistance of the heat sink as a function of varying channel
aspect ratio. These calculations are performed for 450 μm
deep channels which spread over a width of 12 mm and have a
length of 12 mm, and using water as cooling fluid. The optimal
thermal resistance is achieved at a channel aspect ratio of 5.6.
Because of limitations in tool length versus tool diameter for
small tools, the aspect ratio of the heat sink channels is limited
to a factor 3. This leads to a decrease of performance from an
optimal thermal resistance of 0.068 m2 K W−1 to a thermal
resistance of 0.103 m2 K W−1, and a pressure drop along the
heat sink of 0.6 bar.
2.6. Heat sink wall thickness optimization
Optimization is also required for the channel wall thickness.
If the fin width is too large, the heat transfer is decreased by
the reduced area in contact with the cooling fluid. If the fin is
too thin, the heat cannot pass through it and the coolant cannot
extract the heat.
The wall thickness optimization for the cooling channels
is based on the following considerations: the heat removed
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Figure 7. Thermal resistance of the heat sink in function of the
channel aspect ratio.
by the heat sink Q is described by formula (3) as a product
between heat sink efficiency η, the heat sink heat transfer
coefficient k, the heat sink area in contact with the cooling
fluid A and the cooling fluid temperature difference between
the inlet and outlet T:
Q = η · h · A · T. (3)
To increase the amount of heat removed by the heat sink
we need to increase the area by adding more channels, and for
that purpose the channel wall thickness has to be decreased in
order to fit more channels on the heat sink.
The heat sink efficiency η is calculated with formula (4)
where Af is the area of the heat sink fins and ηf is the fin
efficiency:
η = 1 − Af
A
(1 − ηf ). (4)
The fin efficiency is calculated with formula (5) [24], and
hch represents the height of the fins. Parameter m is calculated
with formula (6) [24], where kf represents the fin conductivity
and hf the fin heat transfer coefficient:
ηf = tanh(m · hch)
m · hch (5)
m =
√
hf · Pf
kf · Af . (6)
To increase the fin efficiency, m has to be minimized.
Hence, the ratio between the perimeter Pf and the area Af
of the fin’s cross-section has to be as small as possible. That
means the heat sink wall thickness needs to be as large as
possible. Thus, there is a trade-off for fin thickness, with
thinner fins increasing heat transfer area and thicker fins
improving heat sink efficiency. This results in an optimum
fin width, as illustrated in figure 8, which plots the heat sink’s
convective resistance as a function of channel wall thickness,
based on the above formulae.
As described in formula (3), the heat removal is increasing
when the heat sink efficiency is increasing as well. Formula
(7) indicates that for a smaller convective resistance Rconv, the
heat sink efficiency has to also be higher:
Rconv = 1
η · h · A. (7)
Figure 8. Convective resistance of the heat sink in function of the
channel wall thickness.
The value of hf (1.42 W m−2 K−1) is calculated from the
Nusselt number determined in [25] for channels with aspect
ratio 3 as used in this heat sink. The fin conductivity kf is the
conductivity of the material used for the heat sink (aluminium
7075) which is 130 W m−1 K−1. The aluminium used for the
heat sink material and the machining process makes it possible
to produce channel wall thicknesses of 40 μm, very close to
the optimum illustrated by figure 8.
3. Fabrication technology
The entire assembly is fabricated using micro-milling and
micro-EDM technology. The material chosen for the metallic
components is aluminium 7075. Besides its excellent thermal
conductivity, its superior hardness makes it one of the best
machinable materials (by milling) on the market, and allows
aspect ratios up to 15 for heat sink fins.
The material used for the tube is Silastic Rx 50 medical
grade tubing with an internal diameter of 0.51 mm and an
external diameter of 0.94 mm. It was chosen because of its
excellent flexibility (815% strain at failure) and tear strength
(46 kN m−1—CTM 0159A corresponding to American
Standard Test Methods). It is non-reactive, stable, and resistant
to extreme environments and temperatures from −55 ◦C to
+300 ◦C while still maintaining its useful properties.
Expansion of the silicone tube at sections that do not
contribute to the beam’s actuation represents a loss in actuator
stroke and should be minimized. Therefore, beneath the beam,
the tube is placed between two ribs with a height of 0.5 mm
that not only ensure proper positioning but also prevent the
tube from expanding in horizontal direction. Furthermore, the
non-contributing segments of the tube situated at the edges of
the beam are reduced to a length of just 1 mm. For the rest
of its length the tube is completely encapsulated. The amount
of fluid expansion lost in this way represents just 5.7% of the
total volumetric expansion of the oil. At the end of the tube,
an empty groove of 3.5 mm long allows the tube to expand
longitudinally under the influence of temperature and pressure.
Perfect sealing between the beam and the heat sink
would require an ideal contact between them. This is not
desirable because they need to have some play to avoid
5
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(a) (b)
(c) (d)
(e) ( f )
Figure 9. Thermopneumatic valve components: (a) heat sink, (b)
cooling channels, (c) valve body with reservoir, (d) beam, (e) cover
plate and (f ) rubber gasket.
friction. Based on machining and aligning accuracy, this
gap is 40 μm in our design. The material used for the
beam is the same as for the heat sink, to avoid differential
thermal expansion. The beam is fixed on the valve body with
screws. The transversal alignment is done with the sides of
the slot where the beam is attached. The temperature needed
to open the valve is adjusted by heating up the reservoir
to the required temperature with the filling orifice open so
the excess of silicone oil can leave the reservoir. Before
cooling down, the filling orifice is closed and sealed with a
rubber o-ring around an M1 screw to avoid air entering the
reservoir. The reasoning to choose a screw with such small
dimensions is to avoid pressurizing the reservoir chamber and
implicitly the tube while tightening the screw. The temperature
operation range at which the valve is capable to operate is
set by the melting and boiling points of the chosen silicone
oil, which are respectively −26 ◦C and 101 ◦C. Figure 9
shows the main valve components.
The cover plate is chosen to be transparent to provide
visual access to the inner working of the valve to monitor
the beam deflection and to detect potential leakages. A
material that provides transparency as well as machinability,
mechanical strength and a melting point above the valve’s
maximum operating temperature is polycarbonate (PC). The
heat sink and the valve body are screwed directly on the cover.
The tube is closed on one end with a silicone plug, while
the other end is inserted in the reservoir via a circular groove.
The circular groove is filled with a structural epoxy adhesive
(3M DP110) to secure the tube and seal the groove.
A silicone rubber gasket, 0.5 mm in thickness is glued on
the cover plate to avoid leakage between the reservoir and the
Figure 10. Test setup for valve characterization. The insert provides
an enlarged view on the valve.
valve chamber. Loctite 406 is used for gluing, in combination
with a primer for surface activation (Loctite 770).
The PC cover plate also contains an orifice for inserting a
thermocouple sensor into the reservoir. This thermocouple
sensor is glued in a hole drilled axially through a plastic
screw, and that screw is then mounted in the cover plate (see
figure 3). Sealing is implemented by a rubber o-ring between
the screw and the PC plate. That way, the temperature sensor
can be interchanged with an external pressure supply, like
compressed air, to determine the relationship between tube
pressure and beam displacement, pressure drop and flow. The
other orifice connectors for the inlet, outlet and the valve
chamber are offering perfect sealing with the PC cover.
Figure 10 shows a picture with the complete measurement
system where you can see the valve surrounded by the
measurement instruments.
4. Measurement setup
Figure 11 gives a schematic representation of the measurement
setup, also shown in figure 10. The cooling fluid is stored in a
container (1). The opening and closing of the circuit is realized
by valves (2) and (3) while the coolant flow is regulated by
a gear pump (5) which is placed in parallel with a safety
bypass controlled by a valve (4). The flow is measured with
a flow meter (7), after passing through a 10 μm filter (6).
The absolute pressure is measured with a pressure sensor (8)
and the pressure drop across the valve and heat sink (9) with a
differential pressure sensor (17). The valve inlet temperature is
measured by a thermocouple (13) and the outlet with another
thermocouple (16). A thermocouple (15) is inserted in the
valve reservoir to read the temperature of the silicone oil.
The valve deflection is determined with a laser displacement
system (14) which uses the method of laser beam triangulation.
The temperature of the heating resistor (10) is controlled by the
power source (11) using feedback from a thermocouple (12)
placed at the junction between the heat sink and the heater.
The ambient temperature is maintained at 20.5 ◦C.
Table 3 illustrates the type, model, resolution and range of
the measurement instruments. Data acquisition and control of
6
J. Micromech. Microeng. 21 (2011) 104010 R Donose et al
Table 3. Characteristics of the measurement instruments.
Type Model Measured variable Resolution Measurement range
Laser distance sensor Keyence LK-G32 Beam deflection 0.1 μm ±5 mm
Keyence LK-3001PV Controller 0.01 μm –
Baumer S35 A Beam deflection 4 μm ±1 mm
Absolute pressure sensor Druck UNIK 5000 Inlet pressure 0.002 bar −1–4 bar
Differential pressure sensor Druck UNIK 5000 Inlet to outlet pressure difference 0.001 bar 0–3 bar
Flow meter Cori-flow Coolant flow rate 0.02 Kg h−1 0–50 Kg h−1
Temperature sensor Omega PFA T-type Coolant temperature at inlet and outlet 0.2 ◦C 0–205 ◦C
Temperature sensor Thermocouple J-type Heater, silicone oil temperature 0.1 ◦C 0–100 ◦C
Figure 11. Schematic representation of the measurement setup.
the measurement setup was performed by a real-time controller
from National Instruments, NI cRIO-9074. The measurement
instrument’s resolution displayed in table 3 is the resolution
obtained after conversion from analogue to digital signal.
5. Measurements
5.1. Beam characterization
5.1.1. Actuation capability
Experiment description. As the actuation of the beam is
central to the operation of the valve, beam deflection was
measured as a function of temperature (figure 12). The
measurements were taken at an ambient temperature of 23 ◦C
and zero flow rate (dry measurement). The plotted temperature
is the average between the temperature measured in the silicone
oil reservoir and the temperature measured at the junction
between the heat sink and heater. The heater is a heating
resistor, used to simulate the heat generated by the IC. The
reservoir volume was 350 mm3; thus, the valve beam that
regulates the flow should achieve a stroke of 500 μm over a
temperature range of 10 ◦C (see table 1). This stroke should
be sufficient to completely expose the channels which are
450 μm high. The beam deflection was measured with a
Baumer S35A laser triangulation sensor, having a resolution
of 4 μm.
Experimental result. As can be seen in figure 12, a stroke
of 500 μm is observed for a temperature difference of 10 ◦C,
ensuring the valve is completely open. As the temperature
increases further, the measurement shows that the beam is
capable of reaching even higher deflections of up to 745 μm at
Figure 12. Beam deflection versus temperature at atmospheric
pressure.
a 15 ◦C temperature difference. When temperature decreases,
the hysteresis shown is insignificant. At the end of the
measurement, the beam position reached the same height as at
the beginning, showing that the beam has not been plastically
deformed. It can be observed that the beam deflection is linear
with the temperature over the entire stroke. This feature allows
the valve to regulate the flow linearly with the temperature,
offering an important advantage in cooling rate stability.
The conclusion of this measurement is that the measured
stroke is more than sufficient compared to the 450 μm channel
height, ensuring a zero increase in pressure drop at complete
opening.
5.1.2. Pressure drop sensitivity. When placed in a flow loop,
the flow pressure has an influence on the beam position. As
was described in the design and operating principle section,
the force associated with the pressure drop across the gate is
causing a downwards bending moment on this gate towards
the closing position.
Experiment description. In these measurements and all the
measurements that follow, the valve is placed in the cooling
circuit using distilled water as coolant.
The pressure drop across the beam was determined from
the difference between the measured pressure drop across the
valve and heat sink when the valve action was used, and
the measured pressure drop across valve and heat sink when the
beam was removed. A constant external pressure of 1.5 bar
was applied in the tube, pushing up the beam 230 μm from the
channel base. The flow rate was increased until the pressure
7
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Figure 13. Beam deflection and pressure drop versus flow rate at
reservoir pressure of 1.5 bar.
drop across the valve reached 0.5 bar. For this measurement
and for all the measurements that follow, beam deflection
was measured with the laser distance sensor ‘Keyence LK-
G32’ with accompanying controller ‘Keyence LK-3001PV’.
The reason for this is that these experiments are performed
on the valve surrounded by the cooling fluid and that this
sensor is capable to measure the beam deflection without being
influenced by the polycarbonate cover plate and the layer of
water in between.
Experimental result. The effect of the flow rate on the
pressure drop across the gate and the resulting beam deflection
were measured and plotted in figure 13.
As expected, the beam moved downwards linearly with
the pressure drop across it. From this measurement it can be
concluded that the flow rate causes a deflection of 112 μm at
maximum pressure drop, or 22.3% of the 500 μm stroke. It
is very close to the prediction of 17.4% made by numerical
simulations for the same pressure drop across the beam (0.5
bar) and the same starting beam deflection (230 μm).
5.2. Valve characterization
5.2.1. Valve flow rate regulation as function of temperature
Experiment description. In these measurements, the thermal
properties of the valve were investigated. For this purpose, the
pump regulates the flow in function of the valve behaviour in
such way that the pressure difference between inlet and outlet
is kept constant.
In a first experiment, a sudden power input of 490 W is
applied to the heater for 6 min, followed by another 6 min of
cooling at zero power input. In a second experiment, the heat
is applied stepwise: 0, 13, 50, 113, 202, 315 and 450 W with
time intervals of 2 min. The same procedure is used during
cooling. A pressure drop of 0.5 bar is maintained across the
valve and heat sink.
Experimental result. Figure 14 shows the resulting flow rate
and beam deflection as a function of heater temperature. The
Figure 14. Flow rate and beam deflection versus heater temperature
at a P of 0.5 bar.
displayed temperature is the temperature measured on the
heater (IC).
For sudden heating, large hysteresis can be observed on
the beam deflection and the flow rate. This can be explained
by the large thermal mass of the heat sink. For stepwise heating
the system reached a state closer to equilibrium at intermediate
steps, thus, much lower hysterisis. The beam did not reach
the maximum deflection of 500 μm because the temperature
of the actuation fluid (silicone oil) had increased by only 4 ◦C
due to the strong cooling. It can be observed that the valve
did not fully block the flow in the closed position because of
the 40 μm gap between the beam and the heat sink which
is used to prevent friction. The steady-state response of the
valve to a certain heat load is approximated by the lines with
square markers. The markers represent the values at the end
of each step, when the system has found a new equilibrium.
The remaining hysteresis is caused by the limited waiting time
between heat input changes (2 min). The heater reaches a 9%
higher temperature difference between the start and the end of
the measurement for sudden heating because the power input
is 9% higher than for gradual heating (limits set by the power
amplifier).
5.2.2. Dynamic response
Experiment description. The experimental conditions are the
same as for the previous experiment in section 5.2.1: heat is
applied stepwise from 0 to 450 W and back with 2 min waiting
time for each step. Also the power levels are the same as in the
previous experiment. During the measurements, the pressure
drops were maintained constant such that the flow rate was
increasing as the valve was opening.
For comparison, the same measurement was performed
on the valve in the closed state and in the fully opened state.
The valve was maintained in the closed state by keeping
the reservoir filling orifice open such that the actuation fluid
remained at ambient pressure and was not able to lift the beam.
The constantly open state was realized by externally applying a
constant and sufficiently high pressure (3 bar) on the reservoir.
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Figure 15. Flow rate in function of time for a stepped heat input at
P 0.05 (a), 0.2 (b) and 0.5 bar (c).
Figure 16. Pressure drop versus deflection.
Experimental result. Figure 15 displays the flow rate as a
function of time as the heat load changes stepwise, and this
for pressure drops of 0.05, 0.2 and 0.5 bar.
The experiments with sudden heating indicate a reaction
time of 10 s, due to the time required to heat the oil in the
reservoir. A similar response is observed for the stepwise
heating, but with smaller hysteresis, as the system gets time to
adapt to the new temperature at each step.
It can be observed that the valve was able to regulate the
flow over the full range and to completely close every time.
At the highest flow rate however, when P equals 0.5 bar, the
maximum flow rate could not be achieved by a small margin
due to the too strong cooling that prevented the silicone oil to
heat up enough. It has been observed that the heat sink flow
resistance increases with the flow such that, above a certain
flow rate, the pressure drop caused by the beam is negligible
in comparison to the total pressure drop. For a flow rate of 38
kg h−1, it occurs at a pressure drop of 0.5 bar when the beam is
in open position, the stroke required is just 170 μm, compared
to the 450 μm of the channel height.
The thermal and mechanical deformation of the tube are
insignificant factors for the reaction time of the valve, because
Figure 17. Heater temperature versus heat load.
Figure 18. Pumping power versus heat load.
the oil volume in the silicone tube remains below 1.3% of
the total oil volume under all conditions of pressure and
temperature. Thus, the dominant time delay originates from
the thermal inertia of the oil in the reservoir, and the thermal
resistance of the path from the heater (IC) to this oil.
5.2.3. Pressure drop
Experiment description. In this test, the flow rate was
maintained constant while the pressure drop varied in function
of the valve opening. A sudden power input was applied to
the heater to open the valve, followed by a cooling period after
the power input was stopped to close the valve.
Experimental result. Figure 16 presents the pressure drop
across the valve as a function of deflection for different flow
rates.
For high flow rates, the beam deflection is limited because
the cooling becomes too strong for the current heater. For
low flow rates, beam deflection seems to have an almost
negligible effect on the pressure drop, while for high flow
rates more variation in pressure drop is observed. The absence
of hysteresis in this measurement suggests that the hysteresis
shown in the previous measurements in not caused by the flow
characteristics of the valve.
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5.2.4. Cooling performance
Experiment description. In these experiments, the measure-
ments were performed under the same conditions as for the
ones in section 5.2.2. The heater temperature is measured at
the junction with the heat sink. The heat load is applied step-
wise as described in the previous experiments. Pressure drop
is kept constant at 0.05 or 0.5 bar. Measurements on closed
and open valves are added for comparison.
Experimental result. In figure 17, the heater temperature
is plotted in function of the heat load applied to it. The
measurement points displayed on the graph are the equilibrium
values reached after a period of 2 min.
At smaller flow rates, the heat removal is lower and thus
the heater temperature is higher. For the low-pressure drop of
0.05 bar (corresponding to low flow rates), the temperature of
the active valve follows very closely the characteristic of the
constantly open valve for almost the entire range. This is very
logical since the overheated valve is craving for cooling fluid
and will open completely. For high flow rates (P = 0.5 bar),
the active valve follows the trend of the closed valve at heat
inputs up to 100 W, and then acts halfway between the open
and closed characteristics.
The developed cooling system achieved a better cooling
performance than set forth in the specifications (500 W cm−2
for a T of 35–40 ◦C), managing to absorb a heat flux of
450 W cm−2 for gradual power input at a temperature
difference of 21 ◦C and 490 W cm−2 for sudden power input
at a temperature difference of 23 ◦C.
5.2.5. Power saving performance
Experiment description. An interesting characteristic and
decisive factor for using valves in single-phase cooling is the
pumping power saving performance. As for the experiments
described in sections 5.2.1, 5.2.2 and 5.2.4, a stepwise heat
load was applied on the valve with the same waiting time of
2 min between the measurements. While a constant pressure
drop between 0.05 and 0.5 bar was maintained across the valve,
flow rate and pumping power varied as the valve opened and
closed in response to the varying heat input.
Experimental result. If there was no valve to control the flow,
the pumping power would be the same for each heat load.
Using a valve, at low heat loads, the flow can now be reduced
contributing to the saving of pumping power. Depending on
the pressure drop set across the valve, the saved pumping
power amounts to up to 320 mW, corresponding to 60% power
savings as shown in figure 18. The hysteresis is a measurement
artefact caused by insufficient settling time (2 min) preceding
the individual measurements.
6. Conclusion
Thermal cycling is one of the main factors influencing the
lifetime and computational power of electronic devices. The
thermopneumatic valve shows a novel actuation principle that
combines the advantages of zero power consumption, small
size versus high flow rate and low manufacturing costs. Its
independence from external energy makes it suited for portable
devices. Its passive operation increases the simplicity and
reliability. It uses an inherent feedback mechanism that
allows proportional flow control in function of the power
dissipated by the IC. Measurements confirmed the beam
actuation capabilities and demonstrated that the flow can be
effectively controlled. After actuation, the beam returns to
the start position after each cycle. However, due to the
long thermal path and the large thermal inertia of the oil
reservoir, the valve response time is greatly increased. An
actuation fluid capable of changing its phase from liquid to
gas would significantly increase the actuation speed because
the volumetric expansion would be highly amplified and thus
a much smaller amount of actuation fluid would be required.
A smaller volume leads to a smaller heat capacity and thus
higher speeds. Although phase transformation requires a high
amount of energy, the greatly reduced mass of actuation fluid in
combination with a much higher relative contact surface would
substantially improve the valve reaction times. The cooling
capabilities have been demonstrated by achieving a heat load
removal of 490 W at a temperature difference of only 23 ◦C.
This valve can be used together with any heat sink used for
microelectronics cooling. It has the capability of maintaining a
more uniform IC temperature which increases the IC lifetime,
and at the same time, it saves up to 60% pumping power.
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